A relationship between epilepsy and damage to mesial temporal structures has long been recognized. Recent advances have clarified somewhat the issue of whether the pathological changes seen in mesial temporal sclerosis represent the cause or the effect of seizures. This paper reviews mesial temporal sclerosis from an historical perspective and summarizes recent developments in the fields of excitotoxicity, selective vulnerability, and synaptic reorganization as they pertain to the pathogenesis of mesial temporal sclerosis. RESUME: Pathogenese de la sclerose temporale mesiale. La relation qui existe entre l'epilepsie et l'atteinte des structures temporales mesiales est reconnue depuis longtemps. Des progres recents ont clarifie la question a savoir si les changements anatomopathologiques observes dans la sclerose temporale mesiale est la cause ou l'effet des crises. Dans cet article, nous revoyons la sclerose temporale mesiale du point de vue historique et nous faisons un sommaire des developpements recents dans les champs de l'excitotoxicite, la vulnerabilite selective et la reorganisation synaptique en ce qui a trait a la pathogenese de la sclerose temporale mesiale.
"
4 Synonyms include Ammon's Horn sclerosis and hippocampal sclerosis. However, MTS is the preferred term, as it recognizes the frequent involvement of other mesial temporal structures. All terms imply a specific pattern of nerve cell loss and gliosis in the hippocampus. By tracing the development of current knowledge of the pathogenesis of MTS, one can better understand many recent advances in epilepsy research and even basic concepts of epileptogenesis.
ANATOMY
The hippocampus is part of the limbic cortex. "Le grand lobe limbique" was the name given by Broca 5 for the ring of structures bordering on the neocortical mantle including the hippocampus proper, and the dentate, parahippocampal and cingulate gyri. Papez 6 described a closed circuit consisting of parts of the hypothalamus, anterior nuclei of thalamus, the cingulate gyrus, and the hippocampal formation which plays a role in emotion. MacLean 7 suggested the term "limbic system" for the circuit described by Papez. Strategically placed between sensory and motor systems subserving somatic function on the one hand and those involved in visceral functions on the other, the limbic system integrates signals from the external and internal worlds. 7 For further discussion of these concepts see Lopes da Silva et al. 8 The limbic cortex may be divided into central components consisting of archicortex and peripheral components of periarchicortex. 8 The hippocampal formation is the only central component in the temporal lobe. Temporal lobe peripheral components include the presubiculum (area 27), parasubiculum (area 49), postsubiculum (area 48) and the entorhinal cortex (area 28).
The hippocampal formation consists of two C-shaped interlocking gyri: the area dentata and the hippocampus proper (= Ammon's Horn) as well as the subiculum (Figure 1 ). The pyramidal cell layer is the most prominent structure of the hippocampus proper. The apical dendrites of the pyramidal neurons extend through the stratum radiatum, branch repeatedly and spread out in the innermost layer, the stratum lacunosum-moleculare. Pyramidal cell basal dendrites extend toward the alvear surface in the stratum oriens.
The pyramidal cells, which are divided into regions or sectors according to connections, have been labelled in different ways. The most widely used system (and the one employed in this paper) is the "CA" (for comu Ammonis or Ammon's Horn) system introduced by Lorente de No and based on axonal and dendritic connections as determined by Golgi techniques. 9 This system divides the pyramidal cells of the hippocampus into sectors CA, to CA 3 . CA, region consists of tightly packed, small pyramidal cells. CA 2 and CA 3 cells are large pyramidal neurons.
Figure I -The hippocampal formation consists of two C-shaped interlocking gyri (the hippocampus proper and the area dentata) and the subiculum. The "hippocampus proper" (= Amnion's Horn) includes the pyramidal cell layer (S.P.), stratum oriens (S.O.), stratum radiatum (S.R.) stratum lacunosum-moleculare (S.L.-M), and the alveus. The area dentata (= dentate gyrus) includes the molecular layer (M), granule cell layer (DG) and the lulus (H). The subiculum (sub) (not shown) continues from CA t toward the entorhinal cortex (EC). Perforant path fibres directly excite granule cells, hilar neurons, and CA 3 , CA t pyramidal neurons. Mossy fibres (mf) ofDG cells project to CA 3 neurons. Schaffer collaterals (sc) ofCA 3 neurons project to CA f neurons. Inhibitory connections not shown (see text).
CA 3 ends at the hilus, the area between the two blades of the dentate granule cells. The hilus, termed CA 4 by Lorente de No, 9 consists not of pyramidal cells, but of several types of non-granule cells such as mossy cells and basket cells. 10 It is also termed the polymorph layer.
A second system of nomenclature, based on cytoarchitectonic criteria, divides the hippocampal formation into 5 sectors, H,-H 5 , in which H, is roughly equivalent to CA ( , H 2 is roughly equivalent to CA 2 , H 3 and H 4 are equivalent to CA 3 , and H 5 is equivalent to the hilus."
Basket cells in the stratum oriens and stratum pyramidale give off axons which ramify between the pyramidal cells. Oriens-alveus and lacunosum-moleculare interneurons are named for their areas of residence. 12 The area dentata consists of 3 layers, from outward-inward: molecular, granular and polymorph (= hilus). The supragranular layer forms part of the inner molecular layer. The granular layer consists of tightly packed dentate granule (DG) cells whose dendrites extend into the overlying molecular layer. Non-granule cells of the area dentata can be divided into two general groups: 1) those that exhibit glutamic acid decarboxylase (GAD)-or GABA-like immunoreactivity, and 2) those that do not. 13 The former group includes: a) basket cells that form an axo-somatic plexus around dentate granule cells, b) axo-axonic cells of granular and molecular layers that innervate the granule cell initial segment, and c) hilar interneurons whose axons form a plexus in the outer molecular layer. The second group is comprised of dentate hilar mossy cells (as distinct from mossy fibres (below)) which form a glutamate-immunoreactive (excitatory) terminal plexus in the inner molecular layer ipsilaterally and contralaterally.
LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES
The main excitatory afferent to the hippocampus is via the perforant path (PP) that originates in the entorhinal cortex and projects to the area dentata, synapsing onto DG cells, their associated GABAergic interneurons (basket cells) in the molecular and granular cell layers and in the hilus, and on hilar mossy cells. 1819 The splay of the perforant path is such that small areas of entorhinal cortex project to extensive lengths of the hippocampus. 19 Some of this entorhinal input terminates onto the distal two-thirds of the DG cell dendrites in the outer two-thirds of the molecular layer. Other perforant path fibres go to distal apical dendrites of CA 3 and CA, neurons and to the subiculum. 9 - 20 Inputs from cortical association areas, subcortical structures, brainstem and other parts of the limbic system (including the amygdala) all converge onto the entorhinal cortex, and funnel to the hippocampus via the perforant path.
In addition to the perforant path, afferent supply to CA 3 , CA, and the area dentata also includes commissural fibres and input from septal and brain stem nuclei. 8 -21 Commissural projections, interconnecting the two hippocampi, have two major components of commissural projections: one from CA 3 pyramidal neurons and the other from the area dentata. CA 3 projects to contralateral CA 3 and CA,; dentate projections arise in the hilus and terminate in the inner one-third of the contralateral stratum moleculare. In addition to the entorhinal cortex, the hilus receives input from several areas, including: cholinergic input from the septum, noradrenergic fibres from the locus coeruleus, and serotinergic afferents from the raphe. 16 - 22 Cholinergic fibres terminate throughout the hippocampus, but most prominently in the dentate gyrus and CA 3 Efferents from hippocampal pyramidal cells project mainly, via the subiculum, to the pre, post and parasubiculum, and to the entorhinal cortex, the anterior cingulate cortex, the septum, the amygdala and other regions. 8 
PATHOLOGY
In MTS, there is consistent hippocampal nerve cell loss and gliosis affecting CA p CA 3 and the hilus, which relatively spares CA 2 and the dentate granule (DG) cells (Figure 2 ). The affected sectors are not cavitated, but rather have a shrunken, dense appearance. There is a fairly sharp margin at the junction of the sclerotic CA, and the normal-looking subiculum. Less common is "end folium sclerosis" consisting of hilar and CA 3 pyramidal cell loss and survival of most CA, pyramid cells.
2 - 4 Houser et al. 23 found two patterns of granule cell distribution in human temporal lobectomy specimens: 1) a compact granule cell layer whose border with the molecular layer was sharp as in controls and 2) a wider and less dense granule cell layer with varying extension of the granule cell somata into the molecular layer. This latter was associated with marked neuronal loss in the polymorph region of the hilus. Most patients with such granule cell dispersion had had febrile convulsions or seizures associated with meningoencephalitis.
CLINICAL DATA
A relationship between epilepsy and damage to these mesial temporal structures has been recognized since 1825 when Bouchet and Cazauvieilh observed abnormalities of Ammon's horn in 9 of 18 brains of epileptics. 24 In 1868 Meynert examined the brains of 20 patients with epilepsy and temporal lobe atrophy and described 2 types of pathology: the "classical" hippocampal atrophy as described by Bouchet and Cazauvieilh and a more diffuse pattern, affecting widespread areas of the brain. 25 However, it was not until 1880 that the exact nature of the relationship between seizures and brain damage began to be explored. In that year, Sommer reviewed the literature on the histology of the hippocampus in patients with epilepsy, which at that time amounted to 90 cases, 26 and described one of his own cases in detail. He documented severe neuron loss in a restricted area of the pyramidal band which became known as "Sommer's sector" (and is now known as CA,). Sommer coined the term "Ammon's Horn Sclerosis" and proposed that the lesions were the cause of seizures. In that same year, Pfleger 27 examined the brains of patients dying shortly after status epilepticus and concluded that the hippocampal lesions were the result of local circulatory and metabolic disturbances related to seizures. In 1927 Spielmeyer found that the brains of patients who had died in status epilepticus had severe neuron loss in CA, and CA 3 as well as the cerebellum. 28 He concurred with Pfleger that the changes were secondary to seizures and, based on neurosurgical accounts of pallor of the brain intraictally, hypothesized that vascular spasm at the onset of an epileptic attack led to ischaemia. Scholz, in 1951, also felt that the pathology was the result of seizures; however, he emphasized that it involved not only the hippocampus, but also the cerebellum, thalamus, and scattered areas of the neocortex. 29 He suggested that the pattern of damage reflected different degrees of vulnerability to hypoxia and an increased demand for oxygen with seizures, and that the immature nervous system was particularly predisposed to such ictal insult.
Earle, Baldwin and Penfield 1 in 1953 found mesial temporal damage in 100 of 157 (63%) surgical resections for intractable seizures. Based on the marked improvement of seizure control after surgery, they felt that the damage was the cause of complex partial seizures. They coined the term "incisural sclerosis" and proposed that the birth process transiently deformed the skull and subsequently herniated the mesial portions of temporal lobes and their nutrient vessels against the stiff edge of the tentorium. This, in turn, would compress the posterior cerebral artery and/or the anterior choroidal artery and result in ischaemia. After several years, such ischaemic regions would "ripen" into an epileptogenic focus. In 1956, Gastaut expanded this concept by suggesting that ischaemia could also be consequent to edema caused by other events such as head injury or stroke. 30 Subsequent data failed to support the concept of incisural sclerosis. Although Meyer, Falconer and Beck 31 agreed that MTS caused complex partial seizures (again, from the marked improvement after temporal lobectomy in patients with MTS), they could only rarely obtain a history of traumatic birth. However, they did find that all cases with typical MTS had onset of seizures at less than ten years of age. They hypothesized that MTS was the result of some hypoxic-ischaemic insult in early childhood. Norman 32 and Ounsted et al. 33 showed that the distribution of neuronal loss and gliosis seen in association with MTS differed from what would be expected from posterior cerebral artery occlusion: the occipital lobes were spared and neocortical regions beyond the posterior cerebral distribution were involved. Veith 34 added further doubt when he studied stillborn and neonatal deaths and found that temporal lobe herniation was not a significant factor.
Falconer and Taylor
3 were the first to suggest that MTS might be both the cause and effect of seizures. They felt that the onset of seizures in early childhood, from whatever cause, led to ischaemic damage which would then ripen into an epileptogenic focus. Margerison and Corsellis 2 felt that the scarring perpetuated the seizure disorder and, by its localization, influenced its clinical manifestations. This was supported by the better post-lobectomy seizure control among patients with MTS than among those with other or no lesions. 3 The view of Falconer and Taylor was further supported by a recent population-based case-control study by Rocca et al. 35 which found a significant association between complex partial seizures and neonatal convulsions, febrile seizures (especially atypical febrile seizures) and viral encephalitis. No association was found between complex partial seizures and prematurity, prolonged labour or perinatal asphyxia. Bruton 4 also found that a high proportion of patients exhibiting MTS in surgically removed hippocampi had experienced febrile seizures or status epilepticus in early life. Most of Bruton's cases were "cryptogenic" epilepsy, but in a small proportion MTS was found in association with a tumour or malformation of the temporal lobe. Interestingly, these cases with a structural abnormality had a low incidence of febrile convulsions in childhood. 4 It has been suggested that the location of the structural abnormality in the temporal lobes of these cases may stimulate the perforant path.' 3 Sagar and Oxbury 36 found severe neuron loss in CA,, end folium and dentate gyrus to be associated with prolonged and/or lateralized childhood convulsions. Only a few patients with milder CA, and end folium neuronal loss with dentate granule cell preservation had had childhood convulsions.
Unfortunately, quantitative neuroanatomic methods have not consistently supported the role of seizures in creating MTS. While Mouritzen-Dam 37 was able to correlate frequency of grand mal seizures and hippocampal neuronal loss, Babb et al_.i8.39 f ounc ) n o c | e a r relationship.
EXPERIMENTAL DATA Regardless of whether they felt that MTS was the cause or effect of seizures, all authors until approximately 1970 felt that the ultimate mechanism of production of MTS involved ischaemia. However, a series of studies on experimentallyinduced seizures, beginning with those of Meldrum and colleagues, 40 " 46 disproved this hypothesis. Using bicuculline and allylglycine, Meldrum, Brierley and colleagues induced seizures in ventilated, anaesthetized baboons and controlled the animals' P a 0 2 , pH, P a C0 2 , blood pressure and temperature. Motor convulsions were eliminated by the use of pharmacologic paralysis. In spite of control of these metabolic and circulatory factors, brain damage appeared in a distribution similar to that seen in humans with MTS. They concluded that the damage was related to the electrical activity per se and not to an hypoxic-ischaemic mechanism. This conclusion is supported by the fact that the histopathological changes seen in MTS differ from the necrosis of hippocampus and subiculum seen in hypoxia. 47 Furthermore, although the damage of MTS and ischaemia have a similar hippocampal distribution, there are ultrastructural differences between the 2 lesions. 48 As well, the temporal course is different: neuronal death occurs over minutes to hours in epilepsy but evolves over hours to days in ischaemia. 49 However, no major distinction between epileptic and ischaemic damage to the hippocampus exists except for a possibly greater involvement of the subiculum by ischaemia (R. Auer, personal communication and 49 ).
Subsequent studies have shown that in such experimental models, neurons are neither hypoxic nor ischaemic: cerebral blood flow actually increases, 41 -44 as do sagittal sinus PO, 50 and brain tissue oxygen tension, 50 suggesting that the increase in blood flow exceeds the requirements of the metabolizing tissue. Furthermore, although histopathologic changes are seen after I hour of seizure activity, 48 the phosphorylation state of the adenine nucleotide pool remains close to normal over a two hour seizure period, 51 -52 indicating that the energy charge of the cells of the hippocampus remains virtually unperturbed.
How then is the damage produced? The probable answer lies in Olney's excitotoxic hypothesis: that neurons can be "excited to death". 53 " 55 Presentation of this hypothesis will be introduced by an overview of excitatory and inhibitory pathways of the hippocampus, excitatory neurotransmission within the hippocampus, and studies of hippocampal excitation and their significance for mesial temporal sclerosis (MTS).
Relevant Physiology
Input to the hippocampus ignites both excitatory and inhibitory systems within this structure. Thus perforant path stimulation innervates the following excitatory chains: 1) DG cells -(mossy fibres) -> CA 3 neurons -(Schaffer collaterals) -> CA,, 2) PP -> CA,, 3) PP -> CA, (Figure 1 ).
Several inhibitory interneurons may modulate these excitatory sequences. Of these, the functions of basket cells and oriensalveus (OA) interneurons in the CA, region have been clarified. Basket cells receive excitatory synapses from hippocampal afferent fibres in the stratum radiatum and stratum oriens and also from collaterals from pyramidal cell axons. OA interneurons receive excitatory afferents in stratum radiatum and the alveus and also from pyramidal cell axon collaterals. 12 These cells form inhibitory synapses on pyramidal cell somata and initial parts of apical dendrites. Significantly, afferent fibres may excite these inhibitory interneurons before exciting afferent synapses, creating feed-forward inhibition. Lacunosum-moleculare interneurons may also mediate feed-forward inhibition from major hippocampal afferents. stimulation can elicit population spikes in DG cells and sequential discharges there. 15 A population spike, extracellularly recorded, represents simultaneously-occurring action potentials from a large number of neurons -DG cells in this instance. However, some dentate non-granule cells (mossy and basket) may discharge more readily upon PP stimuli than do DG cells.
1317 Hilar mossy cells via their connections may effect and amplify both feed-forward and feedback inhibition. Such inhibition is manifested by a lower response to the second of a stimulus pair, a phenomenon known as paired pulse inhibition.
17 ' 56 -57 These inhibitions might combine to produce the hyperpolarization that occurs in some DG cells on PP stimulation. 17 In vivo, CA 3 action potential bursts may hyperpolarize CA, somata, presumably via basket cell innervation. 58 In summary, inhibitory mechanisms are also brought into play by afferent stimuli. 
Excitatory Amino Acids and Their Receptors
The major excitatory neurotransmitters of the CNS are the excitatory amino acids (EAAs), particularly glutamate and aspartate. 59 These amino acids are excitatory as they depolarize membranes. There are three major types of glutamate receptors: kainate/a-amino-3-hydroxy-5 methyl-4-isoxazole proprionic acid (kainate/AMPA) receptors, N-methyl-D-aspartate (NMDA) receptors, and metabotropic (Qp) receptors. 60 Kainate/AMPA receptors activate an ion channel permeable to Na + and K + ions and likely mediate fast excitatory transmission at glutaminergic synapses. About 25% of hippocampal kainate receptors are also linked to calcium channels. 6 ' NMDA receptors are about 10 times more permeable to Ca ++ than to Na; their activation can cause a massive Ca ++ influx into neurons. The metabotropic receptor, linked to a G protein, activates phospholipase C and generates inositol 1, 4, 5 trisphosphate which mobilises calcium from intracellular stores. Of these, NMDA receptors are the best known, possibly because they allow glutamate to regulate Ca ++ influx into neurons and play major roles in longterm potentiation (LTP) and excitotoxicity.
The receptor types differ not only in their physiological functions and pharmacological profiles, but also in their anatomical distribution. The CA, section of the human hippocampus, where the Schaffer collaterals terminate, contains the highest density of NMDA receptors in the CNS, whereas the mossy fibre termination zone of CA 3 is high in kainate/AMPA receptors. 59 Glutamate and aspartate act as transmitters in synapses of the perforant path, axons of CA neurons, and mossy fibres. 8 -62 " 64 Glutamate is the most likely perforant path transmitter whereas aspartate may predominate in commissural projections. Acetylcholine (ACh), found mainly in afferent terminals of extrinsic origin, acts chiefly to depolarize membranes by abolishing two hyperpolarizing K + currents: a voltage-dependent one and a low threshold Ca ++ -activated one. 65 Thus, acetylcholine may prolong action potential discharges. 8 Moreover, ACh may depress GABAergic interneurons and thus disinhibit hippocampal pyramidal cells. 66 -67 GABA is the main transmitter of inhibitory connections, arising from local interneurons such as basket cells and OA interneurons. Hilar cells of the contralateral area dentata and fibres from the medial septal area also have GABA terminals. 68 The physiological effect of GABA is hyperpolarization either because of an increase in CI" conductance (GABA A -type receptor) or increased K + conductance (GABA B ). 8 Although GABA hyperpolarizes the soma and initial segment, it depolarizes apical dendrites of CA 3 and CA, cells 69 and somata of DG cells. 70 The depolarizing response of GABA is facilitated by an increase in extracellular K + concentration as occurs after tetanic stimulation. 71 Finally, GABA receptors mediating the hyperpolarizing response may fatigue with use. 72 Effects of catecholamines and neuropeptides are modulatory and will not be discussed here.
Experimental Data Supporting Excitotoxicity as Mechanism of Damage
Two principal experimental models have been employed to study physiological and pathological effects of excess excitation in the hippocampus: sustained electrical stimulation and kainic acid administration.
Low frequency PP stimulation, presumably representative of normal afferent input from the entorhinal cortex to the hippocampus, exhibited DG cell "paired pulse inhibition" (a reduction in amplitude of the population spike response to the second stimulus of a pair) with interstimulus intervals of 5-25 msec. 8 Sustained PP stimulation for 1-5 minutes temporarily reduced paired pulse inhibition. 8 Longer (25-90 minutes) stimulation irrevocably abolished paired pulse inhibition and the number and amplitude of DG cell population spikes increased. 8 Significantly, dentate hilar cells physiologically deteriorated prior to loss of DG cell paired-pulse inhibition. 17 Sustained CA 3 or PP stimulation produces the same effect in CA, cells: repetitive discharges and a loss of recurrent inhibition. 13 Therefore, sustained electrical stimulation of hippocampal afferents decrease or abolish inhibitory mechanisms within the hippocampus. Is there a pathological correlate? Sloviter, 15 electrically stimulated the perforant path of normal rats once per minute for 24 hours and produced a pattern of pathological damage which resembled that of human hippocampal sclerosis, and particularly that of "end folium sclerosis". Hilar mossy cells and CA 3 pyramidal cells were destroyed while dentate granule cells, CA 2 pyramidal cells and basket cells were relatively spared. CA 3 damage only occurred if DG cell discharges were evoked; if the stimulus was subthreshold to action potential occurrence, no damage occurred. These findings suggest that damage to the pyramidal cells was due to excessive stimulation by DG cells via mossy fibres. As mentioned, a transmitter of the mossy fibre pathway is glutamate. 73 - 74 Hippocampal neuronal loss from perforant path stimulation can be prevented by glutamate receptor antagonists. 75 Sloviter and Dempster have also shown that the "epileptic pattern" of damage can be replicated by intraventricular administration of glutamate or aspartate. 76 Furthermore, Monaghan et al. 77 have found a high density of glutamate receptors in the exact area innervated by the mossy fibres and damaged by perforant pathway stimulation.
The main difference between these entities was in CA, pyramidal cells which are often lost in hippocampal sclerosis but were mostly preserved with PP stimulation in anaesthetized animals. However, sustained CA 3 stimulation can destroy CA, cells. 13 More importantly, perforant path stimulation in unanaesthetized rats leads to extensive CA, damage. 78 Neuronal losses from PP stimulation were associated with the above-described decrease in both feed-forward and recurrent inhibition of granule cells and a decrease of recurrent inhibition of CA, pyramidal cells. Permanent hyperexcitability in dentate granule and CA, pyramidal cell populations developed.
Damage from PP stimulation occurred primarily in areas innervated directly by the PP or by DG cells. Thus dendritic swellings appeared on the distal two-thirds of DG cell dendrites and distal portions of CA 3 and CA, apical dendrites as well as CA, basal dendrites. 15 All receive direct PP innervation. Indirect innervation of basal and apical dendrites of CA, from CA 3 may also have contributed to this. 13 CA 3 proximal apical dendrites, direct recipients of DG axons as mossy fibre terminals, and hilar mossy cells, also exhibited dendritic swellings." Such dendritic swellings resembled those found by Scheibel et al. 79 in humans with temporal lobe epilepsy.
Pathological changes produced by sustained PP and CA 3 stimulation may explain the alteration in DG cell and CA, responses. Despite loss of inhibition with perforant path stimulation, GABA-immunoreactive cells survived in all hippocampal regions. 13 Moreover, the aforementioned loss of inhibition in CA, cells ipsilateral to perforant path stimulation was immediately reversed by contralateral perforant path stimulation. These data lead Sloviter 13 to the "dormant basket cell" hypothesis of hippocampal sclerosis: i.e., inhibitory neurons survive in these situations but are rendered hypofunctional by a loss of excitatory systems that normally evoke inhibition. Thus, undamaged dentate inhibitory cells become "dormant" because destruction of excitatory hilar neurons, possibly mossy cells, removes the tonic excitatory input to such inhibitory cells. Destruction of CA 3 cells would decrease input to surviving basket cells which normally inhibit CA, in a feed-forward manner.
Kainate (or kainic acid, KA) is a glutamate analogue which has been used as an experimental epileptogenic agent. As with PP stimulation, KA reduced paired pulse inhibition and lead to multiple DG discharges upon PP stimulation.
14 Systemically administered KA will induce seizure-related hippocampal damage similar to MTS and to that resulting from PP electrical stimulation (i.e., affecting CA,, CA 3 and hilar polymorph neurons but sparing CA 2 and DG cells). 80 ' 82 CA 3 pathology occurred at the site of mossy fibre synapses suggesting that DG discharges were responsible. 8 2 This damage is independent of motor convulsions. 83 However, it is dependent on the presence of excitatory afferents to the hippocampus. Thus, transection of the perforant path decreased kainic acid-induced pyramidal cell damage 84 and severing the mossy fibres decreased CA 3 pyramidal neuron loss. 85 Blocking epileptic activity with diazepam also protected the hippocampus from KA-induced pathology. 84 In addition to perforant path stimulation and kainic acid administration, a third animal model of temporal lobe epilepsy, kindling, can produce progressive neuronal loss in the hilus in association with repeated seizures. 8687 Further evidence that hippocampal neuronal loss can occur in a variety of models comes from pilocarpine induced limbic seizures in rats: dentate hilar and CA 3 damage occurred. 88 Pretreatment with several types of antiepileptic drugs prevented the neuropathological changes. 88 -89 Synaptic Reorganization An exciting development in research on MTS has been the demonstration of synaptic reorganization in the hippocampi in both experimental epilepsy models 90 -91 and in humans with temporal lobe epilepsy. 23 -92 " 94 Intraventricular administration of kainic acid (KA) in rats preferentially destroys CA 3 and hilar neurons and thus is a good model for MTS as indicated earlier. 81 -95 After an interval during which this procedure was associated with a decrease in synaptic density in CA, stratum radiatum (from CA 3 loss) and inner dentate molecular layer (from dentate hilar loss), new synapses reformed in these regions within 6-8 weeks. 95 Destruction of CA 3 and the dentate hilus by this model was also associated with mossy fibre sprouting. As outlined in a previous section, hippocampal mossy fibres originate from dentate granule (DG) cells and project upon CA 3 pyramidal neurons. Mossy fibre terminals can be quantified by autoradiographic visualization of KA (agonist for kainate/AMPA glutamate receptor) and by the Timm method. The latter stains mossy fibre terminals because of their high zinc content. Represa et al. 96 found a dark Timm positive band and an increase in KA binding sites in the supragranular layer reflecting mossy fibre sprouting in an area where they are not normally present. Mossy fibres sprouted into the dentate supragranular layer also upon PP kindling in the rat. Low frequency stimulation provoking only focal seizures also produced mossy fibre sprouting, but to a lesser extent. 97 Mossy fibre sprouting resulting from removal of perforant path and commissural afferents to the area dentata of the rat were shown by Golgi-EM technique to innervate dendrites of the DG cells, their cells of origin. 91 Using antidromic stimulation, Tauck and Nadler 98 demonstrated increased excitation of such abnormally sprouting mossy fibres.
In an autoradiographic post mortem study of epileptic children, Represa et al. 92 found increased mossy fibres in CA 3 and area dentata as reflected in increased kainate binding density. Further evidence of mossy fibre sprouting in human temporal lobe epilepsy comes from dynorphin immunoreactivity (IR) studies. Dynorphin, an opioid peptide in mossy fibres, is found in the hilar (polymorph) region of the dentate gyrus in normals. In temporal lobe epilepsy, dynorphin IR is also found in the molecular and DG cell layers the extent of which correlates with neuronal loss in dentate hilar and CA 3 fields and with granule cell dispersion. 23 - 94 Finally, Sutula et al. 93 found intense Timm staining and abundant mossy fibre synaptic terminals in the dentate inner molecular and supragranular layers of temporal lobes resected for refractory complex partial seizures. Eight of their 10 patients had MTS. Ultrastructural study confirmed that Timm granules seen with light microscopy corresponded to mossy fibre synaptic terminals. These findings provide morphological evidence of mossy fibre sprouting and synaptic reorganization in humans with temporal lobe epilepsy as well as experimental epilepsy. Combined with the physiological data, they suggest increased DG excitation in this situation. 98 These data suggest that reorganization of the mossy fibre pathway contributes to the epileptogenicity of the hippocampus in mesial temporal sclerosis. However, such reorganization may appear in some epileptogenic clinical and experimental situations, such as kindling or certain cases of temporal lobe epilepsy, without measurable neuronal loss. 93 -97 A correlation also exists between improvement in seizure frequency following temporal lobectomy and presence of mossy fibre sprouting in resected temporal lobes. 94 Thus, it appears that recurrent excitation of DG cells from aberrant synapses lowers the seizure threshold.
Mechanisms of this synaptic reorganization may involve partial deafferentation of DG cells when dentate hilar cells, which give rise to association and commissural pathways terminating on DG cells, are damaged along with CA 3 and CA, cells by mechanisms already discussed. Such partial denervation may promote mossy fibre sprouting. 85 The loss of polymorph neurons may also account for mossy fibre sprouting in the kindled rat. 87 However, Sutula et al. have shown that mossy fibre sprouting occurs with seizures induced by perforant path stimulation, even in the absence of overt hilar damage. 97 More recently, it has been demonstrated that nerve growth factor (NGF) messenger RNA (mRNA) was dramatically increased in the DG cells within one hour of limbic seizures in experimental rats. 99 Intra-hippocampal injections of antibodies to NGF inhibit mossy fibre sprouting. 100 These data suggest that DG cell seizure activity may directly cause mossy fibre sprouting via release of NGF, a substance known to increase neurite extension.' 01102 This, then, may provide the morphologic substrate of kindling, the production of a permanent epileptic state by the repeated activation of neural pathways. 103 Brain-derived neurotrophic factor (BDNF) mRNA increased in the hippocampus, amygdala and pyriform cortex whereas NGF mRNA increased in DG cells and pyriform cortex after hippocampal kindling. 104 Other genes, including c-fos, neuropeptide-Y gene, and the pro-enkephalin gene, are also activated by seizures. 105 " 107 This has led some to question the specificity of gene activation in epilepsy models. However, it is notable that some mRNAs within DG cells are unaffected or even decreased (e.g., pre-prodynorphin) by seizures, 107 suggesting at least some degree of specificity of gene activation.
Ultrastructural Changes
Ultrastructural changes in seizure-induced hippocampal lesions give further insights into possible mechanisms of their causation. It has been shown that experimentally-induced seizures produce distended dendrites with swollen mitochondria in CA, and CA 3 . 108 These areas of swelling are densely loaded with intramitochondrial calcium. 109 There are a number of proposed mechanisms for how the damage is caused. Glutamate and aspartate increase post-synaptic membrane permeability to Na + via both NMDA and non-NMDA receptor gated ion channels, with a subsequent increase in Na + uptake. 110 Water follows Na + osmotically, causing cell swelling which may be a marker of excitotoxin release.'" An additional mechanism involves the opening of calcium channels: both receptor-gated channels stimulated directly by EAAs and voltage-dependent channels opened as a result of Na + -induced depolarization allow calcium influx. Such influx produces mitochondrial dysfunction, protease and lipase activation, and free radical activation. Each factor could be lethal for cells without protective mechanisms." 2 " 4 Both the Na + and the Ca ++ influx are probably involved in EAA-induced damage." 
Selective Vulnerability
The question of why neurons of CA,, CA 3 and CA 4 are damaged while CA 2 and DG cells are partially spared is central to any theory of the pathogenesis of MTS. The degree of excitation to which the cells are subjected is clearly important. CA 2 neurons have minimal mossy fibre input from DG cells 9 which may explain their sparing. However, the relative sparing of the DG cells themselves, which are directly excited by perforant pathway stimulation, needs to be explained. Many possible explanations have been offered. The distribution of glutamate receptors may be important: the highest concentration of NMDA-sensitive glutamate receptors in the CNS is found in CA,, 59, 77 and there is a moderate concentration of NMDA receptors in CA 3 . However, kainate-sensitive glutamate receptors are found in high concentrations not only in CA 3 but also in the resistant DG cells. Resistant cells admit no less calcium in response to glutamate stimulation than do vulnerable cells."
4 "" 6 Therefore, if calcium is pathogenetic, resistant cells must possess some protective mechanism.
Calcium binding proteins such as calbindin, parvalbumin and chromogranin A may exert protective influences. The distribution of calbindin and parvalbumin immunoreactivity is high in the pyramidal neurons of CA 2 and in DG cells." 7 Calbindin is decreased and parvalbumin is increased by kindling." 8 " 9 However, in the perforant path stimulation model of hippocampal damage, calbindin neurons remain unaltered, whereas there is a marked loss of parvalbumin immunoreactive neurons. 13 Another calcium binding protein, chromogranin A, shares some domains with both calbindin and parvalbumin but unlike the latter proteins, it is located in Golgi apparatus and synaptic vesicles. 120 Among hippocampal neurons, chromogranin A immunoreactivity has recently been shown to be predominantly expressed in DG cells and in the pyramidal cells of CA 2 of humans.
I2 ' A protective role for the amino acid taurine is also under investigation, as it has been found in high concentrations in the CA 2 cells of baboons. 122 Greater ability of resistant cells to take up excitatory amino acids, thereby preventing their interaction with receptors, has been proposed but not proven.
" 126
Seizure-induced entry of zinc into cortical neurons may contribute to cell death. 127 Zinc released from excitatory synapses normally limits activation of the NMDA receptor and thus excitotoxicity. However, neuronal depolarization from AMPA receptor stimulation or high concentrations of K + may allow entry of zinc into neurons which may contribute to cell death.
SUMMARY
Current concepts indicate that seizures are both the cause and effect of mesial temporal sclerosis. Seizure activity arising anywhere for any reason can potentially reach the hippocampus via the entorhinal cortex. This leads to stimulation of DG cells and other hippocampal neurons via the perforant pathway. The DG cells send their axons, the mossy fibres, to CA 3 neurons and release glutamate onto them, eventually causing cell death in CA 3 (and ultimately CA,). CA 2 cells are spared, possibly because of minimal mossy fibre input or possibly because of protective effects of calcium binding proteins. The latter would also protect the DG cells themselves. The seizures may cause release of NGF which leads to mossy fibre sprouting, resulting in recurrent DG cell excitation. Moreover, damage to CA 3 and hilar cells may cause inhibitory basket cells to become dormant. Both of these mechanisms may result in abnormal excitability and subsequent perpetuation of seizures.
